Human status epilepticus (SE) is associated with a pathological reduction in cerebral blood flow termed the inverse hemodynamic response (IHR). Canonical transient receptor potential 3 (TRPC3) channels are integral to the propagation of seizures in SE, and vascular smooth muscle cell (VSMC) TRPC3 channels participate in vasoconstriction. Therefore, we hypothesize that cerebrovascular TRPC3 channels may contribute to seizure-induced IHR. To examine this possibility, we developed a smooth muscle-specific TRPC3 knockout (TRPC3smcKO) mouse. To quantify changes in neurovascular coupling, we combined laser speckle contrast imaging with simultaneous electroencephalogram recordings. Control mice exhibited multiple IHRs, and a limited increase in cerebral blood flow during SE with a high degree of moment-to-moment variability in which blood flow was not correlated with neuronal activity. In contrast, TRPC3smcKO mice showed a greater increase in blood flow that was less variable and was positively correlated with neuronal activity. Genetic ablation of smooth muscle TRPC3 channels shortened the duration of Se by eliminating a secondary phase of intense seizures, which was evident in littermate controls. Our results are consistent with the idea that TRPC3 channels expressed by cerebral VSMcs contribute to the iHR during Se, which is a critical factor in the progression of Se.
The canonical transient receptor potential 3 (TRPC3) channel has been increasingly implicated in SE [12] [13] [14] , and we recently reported that TRPC3 channels enhance seizure intensity 15 . TRPC3 channels are non-selective cation channels known primarily for their importance in regulating intracellular calcium. It has been known for some time that TRPC3 channels expressed by vascular smooth muscle cells (VSMCs) promote vasoconstriction via an inward cation current that further depolarizes and constricts VSMCs [16] [17] [18] . Whereas our studies implicate TRPC3 channel activation as a contributor to SE severity, other laboratories have reported that signaling pathways including G-protein coupled receptors and receptor tyrosine kinases can activate TRPC3 channels to mediate vasoconstriction [16] [17] [18] . Collectively, these findings raise the possibility that TRPC3 channels may contribute to the IHR, i.e. the pathological hypoperfusion of the brain, during SE.
In order to explore the role of TRPC3 channels in seizure-induced IHR and the progression of SE, we developed an animal model utilizing a conditional knockout of the TRPC3 channel specific to smooth muscle cells (TRPC3smcKO) 19, 20 . The deletion of TRPC3 channels in this model results in a reduction of seizure-induced IHR and early termination of pilocarpine-induced SE in mice, revealing a critical contribution of TRPC3 channels and neurovascular coupling to the pathophysiology of SE.
Results
To isolate the contributions of TRPC3 channels to the IHR during SE and its impact on seizure progression, we developed a transgenic mouse line in which the calcium-permeable TRPC3 channels of smooth muscle cells are inducibly knocked out (Fig. 1A) . Gel electrophoresis of PCR product from endothelium-denuded mesenteric arteries ( Fig. 1B) provided evidence of a total knockout of TRPC3 channels in VSMCs. Co-localization of smooth muscle actin and TRPC3 (purple and green immunofluorescence; co-localization appears bright white) was apparent in brain sections from littermate controls, but was absent in analogous TRPC3smcKO sections (Fig. 1C) . Collectively, these results confirm deletion of TRPC3 gene expression in the VSMCs of our TRPC3smcKO mice.
To evaluate neurovascular coupling during SE, we simultaneously used laser speckle contrast imaging (LSI) to measure blood flow in one hemisphere and electroencephalography (EEG) to measure neural activity in the Red arrows mark the location of loxP sites targeting the pore-forming region (exon 7) for cleavage by Cre recombinase. Blue arrows denote forward and reverse primers for RT-PCR analysis. (B) RT-PCR analysis of mRNA from endothelium-denuded mouse mesenteric arteries from tamoxifen-treated (TRPC3smcKO) or vehicle-treated (littermate control) mice. 500 bp floxed amplicon of exon 7 denotes an intact exon 7 while 300 bp band indicates the cleavage fragment of exon 7 excision. No cleavage fragments were found in any tissue of untreated mice whereas only the 300 bp cleavage fragment was detected in mesenteric artery of tamoxifen-treated mice, demonstrating effective knockout of TRPC3 in SMCs. (C) Brain sections fluorescently immunolabeled against TRPC3 (purple) and smooth muscle alpha actin (green). Note the co-localization (white) of TRPC3 and smooth muscle alpha actin in small cerebral arteries of a littermate control and the absence of colocalization in cerebral arteries of a TRPC3smcKO mouse. contralateral hemisphere. We previously reported that recording EEG from only one hemisphere is sufficient as the neural activity from one hemisphere is mirrored in the other (R = 0.98) 21 .
Induction of convulsive seizures in stereotactically immobilized mice necessitated anesthesia due to animal welfare concerns. Initial attempts to induce seizure in anesthetized mice with either pilocarpine ( Fig. 2A ,B) or pentylenetetrazol administration ( Fig. 2C ,D) failed as the neural activity after single administration of these chemical convulsants was far below the root mean square power of SE observed in unanesthetized mice 15 . However, we found that sequential administration of pilocarpine and pentylenetetrazol reliably induced seizures in anesthetized mice that were similar electrographically and behaviorally to the pilocarpine-induced seizures in unanesthetized mice (Fig. 3A) .
Reports from clinical studies provide evidence of transient periods of hypoperfusion in response to different forms of acute brain insult, including SE 6, [8] [9] [10] . In anesthetized wild-type mice, we observed what appeared to be a series of such IHRs shortly following the onset of seizure activity ( Fig. 3B ,C). Subsequently, as neural activity began to increase following pentylenetetrazol injection ( Fig. 3A ,C), there was a parallel increase in blood flow ( Fig. 3C ). This initial increase in blood flow was short-lived, however, as blood flow then sharply decreased, although neural activity remained high (i.e., an IHR). The initial IHR appeared to immediately precede the dramatic rise in measured neuronal activity marking the onset of SE. During the subsequent period of SE, blood flow intermittently increased but was highly variable, and throughout SE, additional IHRs occurred and blood flow failed to positively correlate with neural activity (Fig. 3D ), demonstrating dysregulation of neurovascular coupling. To our knowledge, these experiments provide the first demonstration of seizure-induced IHR in an animal model.
In order to examine the effect that genetic ablation of TRPC3 channels in cerebral VSMCs had on neurovascular coupling before and during SE, TRPC3smcKO mice and their genetically identical littermate controls treated with vehicle rather than tamoxifen, were tested as described for WT mice. As in WT mice, IHRs were observed in the littermate control mice (Fig. 4A ). TRPC3smcKO mice exhibited reduced IHR, a more sustained increase in cerebral blood flow, and less variability during SE ( Fig. 4B ). Littermate control mice exhibited no significant differences from WT mice in seizure intensity, therefore WT and littermate controls were pooled ( Fig. 5A ). It is important to note that as seizure intensity was not significantly different between experimental groups ( Fig. 5A ), differences found in subsequent measures comparing neurovascular coupling between groups do not relate to seizure intensity. Compared with controls, TRPC3smcKO mice demonstrated a more sustained increase in cerebral blood flow during SE (0.66 ± 0.10 fold-change for TRPC3smcKO vs 0.37 ± 0.08 fold-change for pooled controls; Fig. 5B ). During SE, control mice showed either a negative correlation or no correlation between blood flow and neural activity (−0.14 ± 0.09 Pearson's r; Fig. 5C ) whereas TRPC3smcKO mice consistently demonstrated a positive correlation (0.65 ± 0.06 Pearson's r; Fig. 5C ), indicating preservation of neurovascular coupling. TRPC3smcKO mice also demonstrated significantly less blood flow variability during SE (4.90 ± 1.11% for TRPC3smcKO vs 9.88 ± 1.19% for pooled controls; Fig. 5D ). These data are consistent with the view that the features of SE-related blood flow dysfunction are largely absent in TRPC3smcKO mice and that IHR and disrupted neurovascular coupling are at least partly mediated by TRPC3 channels expressed in cerebral VSMCs. In view of the reduction in seizure-induced IHR and improved neurovascular coupling during pilocarpine/ pentylenetetrazol-induced SE in anesthetized TRPC3smcKO mice, we wanted to determine whether such protection of neurovascular coupling would impact the progression of SE in the standard pilocarpine model of SE in unanesthetized, freely-moving mice. If IHR is a critical contributor to SE progression, its amelioration in TRPC3smcKO mice would be predicted to reduce the intensity and/or duration of SE. Indeed, we show this to be the case in unanesthetized, pilocarpine-treated TRPC3smcKO mice ( Fig. 6 ). Approximately 30 minutes after the onset of SE, both TRPC3smcKO and littermate controls showed a gradual reduction in neural activity over the next hour. Approximately 90 minutes after SE induction, the littermate controls exhibited a second increase in seizure activity that approximately doubled the root mean square power of the first phase. Interestingly, this second phase of SE was completely absent in TRPC3smcKO mice, in which there was a continued and steady reduction of neural activity and seizures. Thus, ablation of smooth muscle TRPC3 channels reduces both duration and severity of pilocarpine-induced seizure activity in TRPC3smcKO mice compared to littermate controls. 
Discussion
In this study, we demonstrated that wild-type and littermate control mice show cerebrovascular dysfunction during SE, whereas TRPC3smcKO mice show preserved neurovascular coupling. Importantly, littermate control mice showed a prolonged pilocarpine-induced SE with two distinct phases whereas TRPC3smcKO mice showed a significant reduction in pilocarpine-induced SE duration that was due to the complete absence of the second phase of SE observed in littermate controls. These observations suggest that TRPC3 channels in cerebral VSMCs mediate the cerebrovascular dysfunction induced by SE and that TRPC3-mediated cerebrovascular dysfunction is an important contributor to the progression of SE.
Clinical studies show that acute insults to the brain, including the intense and sustained seizure activity of SE, are associated with an IHR, which almost certainly exacerbates neuronal dysfunction and likely contributes to the progression of SE 6, 10 . However, the IHR has not been demonstrated in an animal model of seizure to our knowledge. In the current study, we addressed this initial problem by developing a new seizure model using sequential administration of the chemical convulsants, pilocarpine and pentylenetetrazol ( Fig. 2A,B) . Our model allows for the first reliable assessment of the IHR in an animal model of seizure and opens the door to preclinical opportunities to explore mechanisms of IHR and evaluate the benefit of new therapeutics.
In contrast to WT and littermate control mice, TRPC3smcKO mice demonstrated a reduction in the occurrence and severity of IHRs and showed increased blood flow during SE that remained stable during the experiment and was positively correlated with neural activity, thereby demonstrating preserved neurovascular coupling. We interpret this finding as evidence that TRPC3 channels in cerebral VSMCs mediate a pathogenic dysregulation of neurovascular coupling during seizure, including the inappropriate vasoconstriction that is the key feature of IHR, and they are at least partially responsible for the reduced and inconsistent blood supply during seizure. The mismatch between neuronal activity and cerebral blood flow is tantamount to functional hypoxia, which would be expected to trigger the complex signaling cascades leading to neuroinflammation and neuronal cell death, which have been documented in the pilocarpine-induced SE model 22, 23 .
Because the TRPC3 channel is expressed in many cell types and its functions are understood to be cell-specific 24 , our SMC-specific TRPC3 knockout mouse constitutes a valuable tool for determining cell-specific roles for TRPC3 channels in pathological impairment of neurovascular coupling in epilepsy, stroke, traumatic brain injury, and other neurological conditions. However, as smooth muscle cells are expressed throughout the Fig. 3  legend) , when the camera view was briefly occluded by the experimenter's hand administering the injection. The camera was intentionally blocked to provide a clear marker on the flux trace of injection times. body in arteries, veins, and various organs, it is important to note that in our animal model, TRPC3 is ablated not only in cerebral VSMCs but also in other smooth muscle cells. Although the peripheral deletion of TRPC3 channels appears unlikely to result in changes of neurovascular coupling, this possibility cannot be completely ruled out. Additionally, "leaky Cre" or limited off-target Cre expression has been reported in some inducible Cre mouse lines 25 . The smMHC-Cre line used in the present study carries the estrogen receptor mutation, which is widely used since it minimizes leaky expression of Cre 19,25-30 . However, lacking a comprehensive analysis of different cell types in our TRPC3smcKO mouse model, we cannot definitely conclude that Cre expression was limited solely to smooth muscle cells.
In the pilocarpine model of freely-moving un-anesthetized mice, LSI was unable to be employed, precluding measurements of cerebral blood flow. Thus, we cannot state definitively that the IHR occurs in un-anesthetized mice, or contributes to the intensification and prolongation of seizure in the pilocarpine-only model of SE. However, we infer from the presence of IHR as a consistent feature in WT and littermate control mice in the anesthetized pilocarpine/pentylenetetrazol model of seizure, that IHR may be a feature of the pilocarpine-only model of seizure in these same animals. This inference also is supported by clinical reports documenting the IHR during SE in human subjects 10 , and during other insults to the brain 8 . Thus, we suggest that the observation of IHR during SE in our study is not likely an artifact of a particular pharmacological treatment. We also reason that because IHR is significantly reduced and cerebral blood flow improved in TRPC3smcKO mice compared to control animals, this preservation of neurovascular coupling is likely the mechanism by which pilocarpine-induced SE in these mice is ameliorated so dramatically compared to littermate controls.
Collectively, our results suggest that TRPC3 channels expressed by cerebral VSMCs mediate a pathogenic vasoconstrictive response during sustained seizure activity. This response is observed as an IHR and a subsequent dysregulation of neurovascular coupling, which appears to increase the intensity and duration of SE. The finding that VSMC-expressed TRPC3 channels contribute to seizure-induced IHR may have broad implications not only for seizure disorders, but also for other neurological disorders with a component of neurovascular dysfunction 9 . 
Methods

Smooth muscle cell-specific TRPC3 knockout mice.
Smooth muscle-specific TRPC3 knockout (TRPC3smcKO) mice were generated by crossing TRPC3flx/flx mice 20 with a well-characterized Cre line expressing tamoxifen-inducible Cre recombinase under control of a smooth muscle cell myosin heavy chain (smMHC-Cre) promoter 19 . The ion-conducting pore-forming region of the TRPC3 channel is encoded by exon 7 of the TRPC3 gene and is flanked by introduced loxP sites in TRPC3flx/flx mice. Thus, expression of Cre recombinase results in the loss of exon 7 and ablation of functional TRPC3 channels. Smooth muscle cell-specific knockout of TRPC3 was induced by injection of tamoxifen emulsified in corn oil (1 or 2 mg/100 μL, i.p.) once daily for 5 consecutive days. Mice were used between 9 days and 13 days after the last injection. Littermate control mice were generated from the same line by once daily injection of 100 μL vehicle (corn oil) for 5 consecutive days. immunohistochemistry double labeling. Mice were transcardially perfusion-fixed, and brains were post-fixed in 4% paraformaldehyde in phosphate buffer for 24 hours. Fixed brains were washed in phosphate buffered saline, then cryopreserved by immersion in 15% sucrose for 24 hours followed by 30% sucrose for 24 hours. Brains were frozen in O.C.T. compound (Sakura Finetek) at −80 °C, sliced on a cryostat (Microm HM-525; Thermo Scientific) into 20-μm sections, and adhered to Fisher Superfrost slides (Fisher Scientific). Alpha-smooth muscle actin monoclonal antibody (Invitrogen Cat# 14-9760-82, Lot# 2033287, RRID: AB_2572996) 31 was used at 1:200 dilution with the Vector mouse-on-mouse fluorescein kit (Vector Labs Cat# FMK-2201, Lot# ZF0426, RRID:AB_2336834) and a knock out-validated rabbit anti-mouse TRPC3 polyclonal antibody (Alomone Labs Cat# ACC016, Lot# ACC016AG1240, RRID:AB_2040236) 32 was used at 1:400 dilution with goat anti-rabbit Alexa 647-conjugated secondary antibody (Jackson ImmunoResearch Labs Cat# 111-606-144, RRID:AB_2338083) at 1:500 dilution. Coverslips were mounted with ProLong Gold Antifade Mountant with Dapi (Life Technologies). combined eeG and LSi. Age-matched male TRPC3smcKO mice, littermate controls, and wild type (WT) mice were anesthetized with urethane (1.1 mg/kg, i.p.) and placed in a small animal stereotactic instrument (Kopf Instruments). Rectal temperature was maintained at 37 °C during the entire experiment with the use of a heating pad as ensured by a homeothermic monitor (Harvard Apparatus). Sevoflurane was used during surgery to augment urethane anesthesia and was administered at 3% by volume and 2.0 L/min oxygen using a veterinary sevoflurane vaporizer (VetEquip). Sevoflurane was chosen instead of isoflurane because sevoflurane preserves autoregulation better than isoflurane 33 . An OmniDrill 35 with a silicon carbide abrasive tip (World Precision Instruments) was used to thin the parietal bone over the left hemisphere from suture to suture until transparency, thus creating a non-invasive, rectangular "window" of approximately 3 × 2 mm to increase imaging resolution. Two recording electrodes were inserted through the skull to touch the dura overlying the right hemisphere. The front electrode was placed over the motor cortex (approximately 1 mm anterior to bregma and 1.5 mm lateral to midline). The other electrode was placed approximately 1.5 mm anterior to lambda and 1.5 mm lateral to the midline. The ground electrode was placed in the midline approximately 1.5 mm posterior of lambda, over the cerebellum 21 . After completion of surgery, sevoflurane administration was discontinued for the remainder of the experiment while oxygen administration was maintained. A laser speckle contrast imager was then placed over the transparent section of skull and focused to image the cortical surface and subsurface vasculature, and EEG and LSI recordings were begun. pilocarpine/pentylenetetrazol model of status epilepticus in anesthetized mice. To induce seizures in anesthetized mice, we modified the widely used pilocarpine and pentylenetetrazol models of SE. Mice were administered a single dose of methylscopolamine nitrate (10 mg/kg, i.p.) to block the peripheral effects of pilocarpine 34, 35 , followed approximately 20 minutes later by a single dose of pilocarpine (280 mg/kg, i.p.). Finally, a single dose of pentylenetetrazol (120 mg/kg, i.p.) was administered after another 30 minutes. pilocarpine-induced seizures and eeG recording. EEG head-mount surgery of age-matched (2.8 to 3-month-old) TRPC3smcKO and littermate control male mice was conducted as described previously 15 . Mice were administered a single dose of methylscopolamine nitrate (10 mg/kg, i.p.) to block the peripheral effects of pilocarpine, followed approximately 20 minutes later by a single dose of pilocarpine (280 mg/kg, i.p.). Pilocarpine-induced seizures were recorded using the Pinnacle 8200 recording system (Pinnacle Technology) as described previously 21 .
EEG root mean square power analysis. Fast Fourier power spectral analysis (FFT) of EEG signals was performed using Sirenia Seizure Pro software (Pinnacle Technology) with a Hanning window applied to reduce spectral leakage. The full frequency bandwidth was set at 0-1000 Hz. The root mean square power values for the full frequency band were calculated in one minute intervals after pilocarpine administration by averaging the values of 15 four-second windows.
Laser speckle image analysis and determination of IHR. A Moor FLPI-2 laser speckle contrast
imager was used to generate laser speckle video of mouse cerebral blood flow. The laser wavelength was 785 nm, camera resolution was 580 × 752 pixels, and cell size for spatial image processing was 5 × 5 pixels. The exposure time was 20 ms and temporal resolution was 4 seconds per frame. Laser speckle video was analyzed with Moor FLPI-2 Review V5.0 software (Moor instruments). A region of interest (ROI) was drawn inside the thinned "skull window", and the mean flux (blood flow) value was calculated from the ROI. The skull window was a rounded, irregular rectangle following the shape of the parietal bone as delimited by the coronal, sagittal, and lambdoid sutures. There were subtle variations in parietal bone shape, size, and suture thickness between animals which had a very slight impact on window shape. Therefore, we chose to use the software's ellipse tool in order to draw uniform ROI that were highly similar from animal to animal rather than drawing ROI free-hand to follow the shape of each individual window, which would result in greater variation of ROI between animals. Unavoidably, an ellipse drawn inside a rectangle cannot contain the entirety of the area of the rectangle, but the ellipse was drawn to include as much of the rectangular window area as possible, containing approximately two thirds of the total window area. To determine whether there was a difference in response between the apparent vessels within the ROI and the surrounding regions vascularized by capillaries, we drew regions of interest specifically excluding the large surface vessels. Flux changes in ROI that excluded the large surface vessels paralleled that of ROI that included them. The measurement period for baseline flux was five minutes immediately preceding the first injection (methylscopolamine). Analysis of blood flow during SE (Fig. 5 ) included the period of SE corresponding to the RMS plateau. IHR is not defined as a reduction in CBF, but rather as a period of hypoperfusion during which CBF is inappropriately low relative to the current level of neuronal activity.
Statistics.
Littermates were randomly assigned to either the tamoxifen-treated (TRPC3smcKO) or vehicle-treated (littermate control) group. Experimenters were not blind to animal treatment conditions. To discern whether ablation of smooth muscle cell TRPC3 channels ameliorates cerebrovascular dysfunction in SE, we first performed an ANOVA on seizure intensity ( Fig. 5A ; WT n = 5, littermate controls n = 4, pooled controls n = 9, TRPC3smcKO n = 6). Since there was no significant difference between WT and littermate controls, they were pooled for the remaining analyses. Next, we performed unpaired t-tests between pooled controls and TRPC3smcKO mice to determine whether there was a significant difference in cerebral blood flow during SE (Fig. 5B) , in Pearson's correlation factors (Fig. 5C) , and/or in coefficient of variance (Fig. 5D ). Two-way ANOVA was used to compare SE intensity between littermate controls and TRPC3smcKO mice (Fig. 6 ). Data in Figs. 5 and 6 are shown as mean ± standard deviation (SD). P values of 0.05 or less (p < 0.05) were considered statistically significant. All data sets passed the normality test for distribution.
Data availability
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